Myasthenia gravis (MG) is an autoimmune disease mainly caused by antiacetylcholine receptor autoantibodies (seropositive (SP) disease) or by Abs against unknown autoantigenic target(s) (seronegative (SN) disease). Thymectomy is usually beneficial although thymic hyperplasia with ectopic germinal centers is mainly observed in SP MG. To understand the role of thymus in the disease process, we compared the thymic transcriptome of non-MG adults to those of SP patients with a low or high degree of hyperplasia or SN patients. Surprisingly, an overexpression of MHC class II, Ig, and B cell marker genes is observed in SP but also SN MG patients. Moreover, we demonstrate an overexpression of CXCL13 in all MG thymuses leading probably to the generalized B cell infiltration. However, we find different chemotactic properties for MG subgroups and, especially, a specific overexpression of CCL21 in hyperplastic thymuses triggering most likely ectopic germinal center development. Besides, SN patients present a peculiar signature with an abnormal expression of genes involved in muscle development and synaptic transmission, but also genes implicated in host response, suggesting that viral infection might be related to SN MG. Altogether, these results underline differential pathogenic mechanisms in the thymus of SP and SN MG and propose new research areas.
A cquired myasthenia gravis (MG)
4 is a neurological autoimmune disease caused by autoantibodies against components of the neuromuscular junction and leading to disabling fatigability. Seropositive (SP) MG is caused by antiacetylcholine receptor (AChR) autoantibodies and represents 85% of patients (1) . In contrast, MG patients without detectable antiAChR Abs are named seronegative (SN). However, this distinction is misleading as these patients respond well to plasma exchange and their plasma can transfer the disease to experimental animal models (2) . Moreover, in the serum of some of these patients, autoantibodies against a muscle-specific tyrosine kinase (MuSK) receptor have been found and these patients are named MuSK ϩ (3). For the remaining SN patients, the specificity of the autoantibodies implicated is still not known.
The thymus provides a complex environment essential for the generation of the T cell repertoire. It is composed of various cell types, essentially thymocytes and thymic epithelial cells (TECs), but also fibroblasts, macrophages, dendritic, and myoid cells (4) . Differentiation of T cells occurs while they are progressing through the different thymic compartments. Successful T cell differentiation depends on the quality and the specificity of TCR/Ag-MHC interactions (positive selection). Medullary TECs, by expressing a broad panoply of tissue-specific Ags, play a crucial role in central tolerance (negative selection) and any defect in thymocyte selection could lead to autoimmune diseases (5) . In MG, functional and morphological abnormalities of the thymus occur frequently and 50 -60% of the SP patients exhibit thymic hyperplasia of lymphoproliferative origin with ectopic germinal center (GC) development (6) . These thymic abnormalities are correlated with the antiAChR Ab titer which decreases after thymectomy (7) . The hyperplastic thymus includes all the components of the anti-AChR response: the AChR (8), B cells producing anti-AChR Abs (9) , and anti-AChR autoreactive T cells (10) . Thus, the thymus plays a pivotal role in the pathogenesis of SP MG and an understanding of the mechanisms leading to ectopic GC formation is expected to shed light on the pathogenesis of this disease. In contrast, there is little information on the involvement of the thymus in non-SP form of MG. The thymus of MuSK ϩ patients shows few or no pathological changes and the beneficial effects of thymectomy has not been proved for this subgroup (11) . In SN patients, the clinical characteristics are heterogeneous and thymectomy improves some of them (11) . Histological analyses of the thymus showed that SN patients can present lymph node-type infiltrates with a few GCs (12, 13) . However, the pathogenic mechanisms occurring in the thymus of SN and SP patients seem to be distinct and, for example, they differently regulate Fas expression in thymocytes (14) . All these observations tend to also suggest the involvement of the thymus in SN patients.
As for many autoimmune diseases, the triggering events involved in MG are not clearly defined. MG affects more women than men (4, 11) . Moreover, a genetic contribution is strongly supported and the HLA-A1-B8-DR3 haplotype is associated with MG characterized by thymic hyperplasia (15) . However, these susceptibility genes cannot account exclusively for MG development and other factors seem to be important triggering events. Consequently, to clarify the pathogenesis of MG, we investigated gene expressions occurring in the thymus of MG patients. By analyzing the thymic transcriptome of different MG patient subgroups, we demonstrated the existence of 1) a common gene expression signature in the thymus of all MG patients, 2) crucial thymic events associated with hyperplasia, and 3) peculiar gene expression profiles characterizing the thymus of SN from SP patients.
Materials and Methods

Samples and RNA extraction
Thymic fragments (50 -100 mg) were obtained from MG patients after thymectomy or from sex-matched baby or adult females undergoing cardiovascular surgery at the Marie Lannelongue Chirurgical Center (Le Plessis-Robinson, France). We selected MG Caucasian females known to be only treated by anticholinesterase drugs and not by other therapies (corticosteroids, immunosuppressors, i.v. Igs, plasmapheresis) and with no other known disease (including thymoma). This study was approved by the local ethics committee (Comité Consultatif pour la Protection des Personnes dans la Recherche Biomédicale (CCPPRB), Kremlin-Bicêtre, France).
Total RNA was extracted from individual frozen thymic fragments at the same period of time using the FastPrep FP120 instrument (Qbiogen) followed by a TRIzol extraction (Invitrogen Life Technologies) and a DNase treatment before purification onto Qiagen columns. RNA quality was assessed on an Agilent Bioanalyser. To minimize interindividual variations, the following pools of RNA were prepared with equal amounts of total RNA extracted from thymic fragments: 1) non-MG adults, n ϭ 4, 15-19 years old; 2) SP MG patients with low thymic hyperplasia (ML; with two or less GCs per section), n ϭ 4; 19 -25 years old; 3) SP MG patients with high thymic hyperplasia (MH; with three or more GCs per section), n ϭ 5, 18 -22 years old; 4) SN MG patients (SN: without or only a few GCs), n ϭ 3, 16 -22 years old. These MG patients were SN for anti-AChR and anti-MuSK Abs.
Each pool was hybridized to a thymic reference composed of 10 thymuses from babies aged 1 wk to 1 year old undergoing thoracic surgery.
Microarray experiments
Microarray experiments were conducted using the Human 1 cDNA arrays from Agilent (G4100A; 16,200 spots containing 12,814 unique clones) according to the manufacturer's instructions, using 20 g of total RNA.
For each array, the thymic reference was cohybridized with a given RNA pool (five arrays per pool). Data acquisition and normalization. Labeled microarrays were scanned using the 428 Affymetrix scanner (MWG) and the images were analyzed using GenePix pro version 4.0 (Axon Instruments). Raw microarray data are available on the ArrayExpress database at ͳwww.ebi.ac.uk/arrayexpressʹ (accession no. E-MEXP-518). For each array, raw data were corrected by a Lowess transformation using the TIGR Microarray Data Analysis System (ͳwww. tigr.orgʹ). To allow interarray comparisons, each condition was centered on the median calculated from the repetitions; a Lowess transformation was finally applied to each array. For each gene, a log 2 ratio (study sample/ thymic reference) was calculated and the distribution by array was centered on zero.
FIGURE 1.
A, Clustering of gene expression in MG subgroups. Among the 13,572 surveyed genes, the Acuity software classified 12,049 GenBanks in eight expression patterns. The white dots represent the average expression level of each adult thymic category compared with the thymic reference. B, Venn diagrams of dysregulated genes in MG patients. Using SAM with a false discovery rate Ͻ5% and an FC Ͼ1.8, 702 up-(A) and 736 downregulated (B) genes were identified in ML, MH, and SN patients compared with non-MG adults. The lists of up-and down-regulated genes are given in supplemental tables S1 and S2. 
a Forward (F) and reverse (R) primers. SLC, secondary lymphoid tissue chemokine; ELC, EBV-induced molecule I ligand chemokine; IP10, IFN-␥-inducible protein; SDF, stromal-derived factor.
Clustering and statistical analysis. The following analyses were applied on the probes that have successfully passed the Agilent quality control (13,572 surveyed genes). To provide a general survey of gene expression, an 8 K-median clustering analysis (Acuity software version 3.1; Axon Instruments) was applied on the median of ratios for the genes per thymic subgroups. To identify dysregulated genes in the different subgroups of MG compared with non-MG adults, log 2 ratios were analyzed using significance analysis of microarrays (SAM) software (ͳwww-stat.stanford.edu/ ϳtibs/SAMʹ). To search for chromosomal susceptibility regions linked to MG, the chromosomal locations of dysregulated genes were analyzed. The gene chromosomal position was mapped using the National Center for Biotechnology Information (NCBI; ͳwww.ncbi.nlm.nih.govʹ), SOURCE (ͳhttp:// genome-www5.stanford.edu/cgi-bin/source/sourceSearchʹ), and Database for Annotation, Visualization, and Integrated Discovery (DAVID; ͳhttp://david. niaid.nih.gov/David/upload.aspʹ). Concerning the precise chromosomal location, the nomenclature chromosome-arm-region band was used and the location of genes spanning several bands was arbitrarily fixed to the closest band to the centromere. We took into account the number of unique GenBanks with a known chromosomal location (10,865 genes). A 2 test was then applied on the most highly represented chromosomal regions (Ͼ2.5%) in at least one MG subgroup for up-or down-regulated genes.
Real-time PCR
Real-time PCR was conducted for CD20, HLA-DR, CCL21, CCL19, CXCL13, CXCL10, CXCL12, and IFN-stimulated gene 12 (ISG12) ( Table  I) . We used individual RNA samples from the donors included in the microarray study and from additional donors belonging to non-MG adult, ML, MH, and SN categories as previously described, extending the age range from 14 to 38 years old. Total mRNA was reverse transcribed using the SuperScript II RT (Invitrogen Life Technologies) according to the manufacturer's instructions. PCRs were performed on the LightCycler apparatus as previously described (16) . For each PCR, a standard curve was calculated using the thymic reference and for each sample, the mean of duplicates was given. All samples were controlled by 28S rRNA amplification.
Ig quantification
Proteins from individual thymic extracts from babies, non-MG adults, ML, MH, and SN patients as previously described in microarray and PCR were extracted in 1 ml of PBS containing protease inhibitors (Complete; Roche Diagnostics) using the FastPrep FP120 apparatus and centrifuged at 12,000 rpm for 20 min at 4°C to recover the supernatant. The levels of IgG and IgM in thymic extracts containing 1 mg/ml proteins were measured by immunonephelometry using the Dade Behring Nephelometer II analyzer.
Chemotaxis assay
PBMC from healthy adult donors (CCPPRB agreement no. 05-03) were recovered using a Ficoll gradient and incubated overnight in cell culture flasks with RPMI 1640-Glutamax I supplemented with 0.5% FCS (Invitrogen Life Technologies). PBL were then labeled (10 6 /ml) for 1 h with 2 M calcein-AM (Invitrogen Life Technologies) and washed in RPMI 1640-0.5% FCS. Chemotaxis assays were performed for 4 h at 37°C using the MultiScreen-MIC kit (3 m pore size; Millipore): 50 l of PBL were loaded in the upper chamber of the transwell plate. In the lower wells, we added 150 l of RPMI 1640-0.5% FCS containing 3 mg/ml proteins from individual thymic extracts from non-MG adults, ML, MH, and SN patients as previously described. Thymic proteins were extracted in 1 ml of lysis buffer containing 50 mM Tris (pH ϭ 7.4), 5% Triton X-100, and protease inhibitors (Complete) using the FastPrep FP120 apparatus, and centrifuged FIGURE 2. Preferential chromosomal location for up-or down-regulated genes. Among the most highly represented chromosomal regions, a 2 test was used to search for significant differences between the number of dysregulated genes observed per chromosome or chromosomal location and the number of genes expected on the entire array (55) . Eight regions were then identified as significant. Asterisks indicate the p value level: ‫,ءءء‬ Ͻ0.001; ‫,ءء‬ Ͻ0.01, and ‫,ء‬ Ͻ0.05. The list of the genes located in the overrepresented chromosomal regions is given in supplemental table S3-A. a For the up-and down-regulated genes extracted with SAM, the biological process categories significantly overrepresented compared with the entire array were searched in MH, ML, and SN patients using the Expression Analysis Systematic Explorer software (EASE) on the DAVID internet site. In each MG subgroup, categories with at least three genes and with an EASE score Ͻ0.05 are listed in this table. The numbers correspond to the numbers of up-and down-regulated genes in MH, ML, or SN patients. Asterisks indicate the significance of the EASE score: ‫,ءءء‬ p Ͻ 0.001; ‫,ءء‬ p Ͻ 0.01; ‫,ء‬ p Ͻ 0.05. Regulatory factor X, 5 (Table continues) at 12,000 rpm for 30 min at 4°C to recover the supernatant. The proportion of cells migrating to the lower wells was evaluated by measuring the calcein-AM fluorescence with a microplate fluorescence reader (FL600; BioTek Instruments).
Results
To characterize gene expressions in the thymus of MG patients, the thymic transcriptome of SP MG patients with a low (ML) or a high (MH) degree of hyperplasia or SN MG was compared with that of non-MG adults.
Global characteristics of gene expression in MG thymuses
General survey of gene expression. Among the 13,572 surveyed genes, many were expressed in the thymus whatever its pathologic (MG disease) and physiologic (normal) condition, because ϳ86% of the genes had a signal intensity over the background intensity. This elevated percentage is not surprising as the thymus is a complex organ composed of various cell types all contributing to the gene expression profiles analyzed. Moreover, this can also be due to the role played by the thymus in central tolerance. Indeed, Derbinski et al. (5) demonstrates that medullary TECs express a highly diverse set of genes representing all tissues of the body. Using a clustering analysis of genes expressed in the thymus of MG and non-MG patients, four gene expression patterns were observed (Fig. 1A) : one pattern corresponded to genes commonly dysregulated whatever the MG subgroup and the three others characterized a specific gene expression profile for each MG subgroup. Using SAM with a false discovery rate Ͻ5% and a fold change (FC) Ͼ1.8, 702 up-and 736 down-regulated genes were identified in MG patients compared with adults ( Fig. 1B) (supplemental tables S1 and S2). 5 MH patients exhibited a lower number of upregulated genes than SP and SN patients but their expression level was higher because 18% of these genes displayed an FC Ͼ2.5 compared with 8% in ML and 7% in SN patients.
Preferential chromosomal locations of the dysregulated genes.
Microarray results can be used to identify chromosomal susceptibility regions associated with pathological conditions. No particular chromosome was found overrepresented. However, we observed a significant overrepresentation of several subchromosomal locations (Fig. 2) : for the down-regulated genes, the 3p21 region, and for the up-regulated genes, seven preferential regions. We observed an overrepresentation of regions linked to the Ig clusters: Ig K (2p12), Ig H (14q32), and Ig L (22q11), in all MG subgroups but especially in MH patients. However, the most heavily represented region, in the three MG subgroups, was 6p21, and more precisely 6p21.3, containing the MHC class I and MHC class II gene clusters. The overrepresentation of this region was particularly due to the expression of MHC class II genes (supplemental table S3-A). Two clusters corresponding to MHC paralogous clusters, 1q21 and 9q34, were also identified (17) . The other MHC paralogous cluster, in 19p13, was not significant with the 2 test but was nevertheless strongly represented in each MG subgroup. Although the overrepresentation of the MHC cluster was predictable, the overall overrepresentation of 1q21 and 9q34 MHC paralogous clusters is surprising as among the significantly up-regulated genes, only two MHC-related genes, thought to have originated by duplication, were observed. They correspond to the orphan receptor ROR ␥ in the 1q21 region and the bromodomain containing protein 3 in the 9q34 region (18) . However, these MHC paralogous clusters might harbor susceptibility genes involved in MG. Indeed, we observed the up-regulation of the IL-6R (1q21 region) and the TNFR-associated factor 2 (9q34 region), two signaling pathways whose dysregulation has already been associated with MG susceptibility (19, 20) . Gene classification in each MG condition. To characterize the thymus of MG patients, we searched for biological categories overrepresented in each MG subgroup. The up-regulated genes belonged predominantly to the immune response and, in particular, to the Ag presentation category characterized by MHC class II 5 The online version of this article contains supplemental material. molecules (Table II) . This was significant for each subgroup and especially for MH patients. We also found that all MG thymuses were sites of intense transcriptional activity. The up-regulation of genes associated with a chemotactic activity was observed for MH and ML patients. Interestingly, for SN patients, we specifically found genes involved in muscle development for up-regulated genes and in synaptic transmission for down-regulated genes.
These global analyses show a striking common signature for all MG subgroups, characterized by an up-regulation of the immune response. However, the MH subgroup distinguishes itself by a heightened up-regulation of the immune response and the SN subgroup by a dysregulation of gene categories that might reflect the ability of the thymus to express various tissue-specific Ags.
Detailed analysis of dysregulated genes
Analysis of the genes dysregulated whatever the MG subgroup. As seen from the Venn diagrams (Fig. 1B) , 42 up-and 39 downregulated genes were differentially expressed in all MG subgroups compared with non-MG adults. The up-regulated genes corresponded mainly to the immune response and especially to MHC class II and Ig genes (Table III ). An overexpression of B cellrelated genes was also observed demonstrating B cell infiltration probably related to the expression of the B cell chemoattractant, CXCL13, whose thymic expression was increased in all MG subgroups.
To determine whether the overexpression of Ig genes in the thymus of MG patients reflected an increased number of B cells or B cell hyperactivity, we compared the relative proportion of B cells with the global level of Ig expression. For this purpose, the intensity medians for Ig genes dysregulated in at least one MG subgroup were compared with those for specific B cell markers (reflecting the proportion of B cells within the thymus). Microarray global analyses were validated by measuring, using real-time PCR, the well-known B cell marker CD20 and, by immunonephelometry, the expression level of IgG and IgM. Of note, comparing the thymus of babies and non-MG adults, we did not observe significant difference in the expression level for the B cell markers (Fig.  3, A and B) but did observe a significant overexpression of Igs in adults with an FC of 2.9 ( p ϭ 0.0003) for microarray data (Fig.  3C ) and an FC of 2.1 ( p ϭ 0.0095) for direct Ig quantification (Fig.  3D) . These analyses show the lower ability of B cells to express Igs in babies compared with adults and underlines the fact that adult B cells can respond more efficiently to an immune stress by expressing more Abs (21) .
In the thymus of MG patients, as expected, a significant increased expression of the B cell markers was observed for MH patients with an FC of 2.3 compared with adults ( p ϭ 0.0020) (Fig. 3A) . However, we also pointed out a significantly increased B cell population in ML with an FC of 1.8 ( p ϭ 0.0020) and SN patients with an FC of 1.7 ( p ϭ 0.0020) (Fig. 3A) . This increase of B cells in all MG subgroups observed with the microarray data was also validated by analyzing directly CD20 mRNA expression on individual patients (Fig. 3B) . In parallel, Ig populations increased in all MG subgroups with fold changes of 1.8 and 1.6 times for ML, 2.2 and 1.7 times for MH, and 2.3 and 1.4 times for SN, respectively, for Ig H chains ( p Ͻ 0.0625 for all MG categories) and Ig L chains ( p Ͻ 0.0024 for all MG categories) (Fig.  3C ). This overexpression of Ig in all MG patients was also observed at the protein level in thymic extracts (Fig. 3D) . The similar amplification levels for B cell markers and Ig genes suggest that Ig increases were linked to the B cell increases. This observation is supported by our microarray results showing a significant correlation between B cell marker and Ig expression comparing the expression mean for the different adult categories (r 2 ϭ 0.922; p ϭ 0.0399). This correlation was also observed between CD20 mRNA expression level and IgM-IgG production (r 2 ϭ 0.9742 p ϭ 0.0103). Consequently, the up-regulation of Igs observed in the thymus of MG patients seems not due to an overproduction of Igs by a limited pool of B cells, but to the increased number of B cells. Moreover, taking into account all the Ig spotted on the arrays, we observed a global significant increase of their expression whatever their specificity, suggesting B cell polyclonality (our unpublished data).
In this study, a thymic overexpression of MHC class II molecules was also detected whatever the MG subgroup (Fig. 3E) . HLA-DR was among the most up-regulated MHC class II genes in MG patients and we confirmed its overexpression in all MG patients by real-time PCR (Fig. 3F) . The increase of MHC class II Ags could be either due to an increased number of cells expressing Ags or could be due to a proinflammatory environment, or to both. MHC class II are known to be expressed by B cells, we conducted similar analyses to that described above for Igs. We observed that hyperplastic thymuses with numerous GCs, and consequently more B cells (Fig. 3A) , were not characterized by an increased expression of MHC genes compared with ML and SN patients. Moreover, comparing the expression mean for the different adult categories for either our microarray data (MHC class II vs B cell marker expression) or real-time PCR data (HLA-DR vs CD20 expression), we did not find any correlation between B cell populations and MHC class II expression. These results suggest that the increased expression of MHC components is not directly related to the increased B cell number rather supporting the inflammatory state of the MG thymus.
Analysis of the genes characterizing the hyperplastic thymus.
Using SAM, 168 up-and 225 down-regulated genes were identified in the thymus of MH patients (supplemental tables S3-B and S3-C) and a quarter of them are associated with the immune response (Fig. 4) . The up-regulated genes were subclassified in categories reflecting an inflammatory state and the presence of numerous GCs: Ig family, B cell-related genes, IFN-induced genes, and MHC class II molecules (Fig. 4, A and B) . Moreover, we detected an up-regulation of chemokine genes and, in particular, CCL21 known to be involved in the homing of T cells to secondary lymphoid organs (22) . A detailed analysis of the thymic chemokine expression showed that the number of up-regulated chemokines observed was significantly overrepresented compared with their expected number on the arrays in SP MG patients ( Fig.   FIGURE 4 . Classification of dysregulated genes in MH patients. The classification of 168 up-and 228 down-regulated genes in MH patients according to biological functions is given in A and B. The subclassification of up-and down-regulated genes belonging to the immune response category is presented in C and D.
Only categories with at least three genes were indicated. The classification into functional categories was conducted using NCBI, SOURCE, and DAVID databases, and the detailed list of these genes is given in supplemental tables S3-B and S3-C. 5A), and especially in MH patients. These results were in agreement with the chemotaxis assays, because a significant increased migration of PBL toward hyperplastic thymic extracts was found. In contrast, no overrepresentation of chemokines in the thymus of SN patients was observed. Moreover, thymic extracts from SN patients even displayed a decreased chemotactic activity (Fig. 5B) .
To confirm our microarray data, the expression of several chemokines, known to participate in GC formation, was analyzed by real-time PCR for MH patients (Fig. 5C) . We confirmed the upregulation of CCL21 and CXCL13. Like CCL21, CCL19 acts through CCR7, but no up-regulation of CCL19 was observed. An increased expression of CXCL10, a chemoattractant for activated T cells, was also detected, as previously described (23) . However, we did not notice any MH-specific increase in the expression of CXCL12 known to contribute to the T cell homing and GC organization (22, 24) .
The important up-regulation of CCL21 and CXCL13 could be directly involved in GC formation in the thymus of MG patients. We therefore investigated their expression by real-time PCR in independent MG thymus samples. A significant and specific overexpression of CCL21 was showed in the thymus of MH patients (Fig. 5D ). For CXCL13, its expression was significantly up-regulated in the thymus of ML and MH patients and slightly in SN patients (Fig. 5E) . Consequently, the high expression of CXCL13 could account for the increased B cell population observed in all MG thymuses and the specific overexpression of CCL21 in the thymus of MH patients could be involved in ectopic GC formation. Analysis of the genes characterizing the thymus of SN patients. Based on the expression analysis systematic explorer (EASE) classification, the thymic transcriptome of SN patients was characterized by the up-regulation of genes belonging to the "muscle development" category and the down-regulation of genes corresponding to the "synaptic transmission" category (Table II) . More interestingly, these genes were significantly dysregulated in SN compared with non-MG adults, but also to ML and MH patients (Fig. 6) .
The synaptic transmission genes corresponded mainly to neurotransmitter receptors or protein kinases involved in the downstream signaling of these receptors (Fig. 6C) . The muscle development genes are essentially cytoskeletal components implicated in muscle contraction (Fig. 6A) . Their overexpression could reflect changes in a cell population in the thymus of SN patients. Because thymic myoid cells express high levels of muscle genes and could participate in autosensitization toward muscle Ags in MG (25), we investigated the myoid cell number on thymic sections. However, no increase of myoid cell number was detected, and even fewer myoid cells were enumerated in SP and SN thymuses compared with adults (our unpublished data). In a more thorough study, I. Leite (unpublished observation) also observed for these patient categories, enormous variability in the numbers of myoid cells, but some overall decrease per mm 2 of medullary parenchymal tissue. It is worth noting that the decreased number of myoid cells might explain the decreased expression of the muscle AChR-␣ subunit detected with our microarray data (data not shown).
To further analyze the 851 genes dysregulated in SN patients (Fig. 1B) , we compared their expression between SN and ML patients. In this analysis, we did not include MH patients, as their thymic transcriptome was very different due to the presence of numerous GCs. Using the Mann-Whitney U test, 42 up-and 48 down-regulated genes were identified in SN compared with ML patients (supplemental table S3-D). We regarded as interesting genes dysregulated with an FC Ͼ1.8 and found 6 up-and 3 downregulated genes (Fig. 7A) . Among the up-regulated genes were ISG12, DNAX-activating protein of 12 kDa (DAP12), and SON DNA-binding protein, all identified as involved in antiviral activity. As ISG12 has previously been associated with autoimmune diseases (26, 27) , we investigated its expression by RT-PCR (Fig.  7 , B and C): ISG12 was significantly up-regulated in SN patients compared with non-MG adults and also compared with ML and MH patients. To strengthen the relevance of this antiviral signature in SN patients, we analyzed the expression of a nonexhaustive list of antiviral genes clearly defined to be induced in response to pathogen infection. A significant overexpression of these genes was observed in SN patients compared with adults and ML patients (Fig. 7D ). This overexpression of these genes reflects most probably an antiviral signature and not a proinflammatory response linked to IFN-␣. Indeed, we previously demonstrated an up-regulation of IFN-␣-regulated genes in MG patients with a high hyperplasia (MH) (16) but this was not observed for SN patients (data not shown). Moreover, among the listed genes, only 7 of 19 genes have a link more or less obvious with an IFN-␣ response. FIGURE 6. Biological process categories overrepresented in SN patients. The list of the up-regulated muscle development genes and the down-regulated synaptic transmission genes are given in A and B, respectively. These categories were identified using the EASE software (Table  II) Therefore, we demonstrate that thymus of SN patients differs from that of SP patients with an abnormal expression of muscle development and synaptic transmission genes but also with an antiviral signature.
Discussion
In the present study, comparing the thymic transcriptome of different MG subgroups, we demonstrate 1) a common gene expression profile associated with an important immune response suggesting an active role of the thymus in all MG subgroups studied, 2) that hyperplastic thymuses are characterized by an up-regulation of chemokines involved in ectopic GC formation, and 3) in SN patients, a dysregulation of genes involved in muscle development or synaptic transmission but also genes featuring an antiviral response.
Active role of the thymus for all MG subgroups studied
Our analyses demonstrate that the thymus of all MG patients is characterized by an intense transcriptional activity, an exacerbated immune response and, in particular, an abnormal increased B cell population, underlying originally that even nonhyperplastic thymuses possess the characteristics of diffuse B cell infiltration. This B cell signature could be due to CXCL13, a chemokine overexpressed in all MG thymuses and known to be involved in the homing of B cells in secondary lymphoid organs (28) . Indeed, the transgenic expression of CXCL13 in ␤ cells of the pancreatic islets mediates the recruitment of a large number of B cells (29) .
The thymus of SP patients has been shown to include all the components of the anti-AChR response including B cells producing anti-AChR Abs, suggesting a possible monoclonal expansion of B cells (30) . Using this microarray approach, we observe an overall increased expression of Ig genes, whatever their specificity, demonstrating the large diversity of B cells in MG thymuses. This observation is supported by Sims et al. (31) who showed that thymic GCs in MG contain a remarkably heterogeneous population of B cells, and by our work demonstrating, by in situ hybridization, the polyclonality of B cells included in individual thymic GC of MG patients (32) .
The up-regulation of MHC class II components observed in the thymus of all MG subgroups was not directly related to the higher number of B cells but could be due to a generalized overexpression by various thymic cells, such as dendritic cells and TECs due to the proinflammatory state of MG thymuses. In that way, in our microarray study, CIITA (a transcription factor regulating MHC class II molecule expression (33) ) is slightly overexpressed in the thymus of MG patients (our unpublished data). Consequently, MHC class II overexpression could promote an increased Ag presentation in the thymus leading to autoimmunity. This dysregulation leads to an overrepresentation of the 6p21.3 MHC cluster commonly associated with autoimmune diseases, but we also observe an up-regulation of genes from MHC paralogous clusters. These clusters correspond to disease-predisposition loci and we observe for the first time the involvement of MHC paralogous clusters altogether with the MHC cluster in an autoimmune disease. A common regulator of their transcription, conserved throughout evolution, could explain the overall up-regulation of genes from the MHC and MHC paralogous clusters (34). These thymic transcriptome analyses underline the inflammatory state of MG thymuses, even for patients without thymic hyperplasia, demonstrating the active role of thymus in all MG subgroups studied. Thus, thymectomy might be beneficial for SN patients for whom the benefice of thymectomy has not yet been clearly defined. Considering this generalized thymic inflammatory state in MG, we can wonder why much more MG thymuses are not hyperplastic? Genes specifically dysregulated in the thymus of MH patients might be indispensable to trigger ectopic GC formation leading to hyperplasia, such as the chemokine CCL21 discussed below. However, genes specifically expressed in ML and SN thymuses might also prevent hyperplasia and interestingly, we observed a decreased chemotaxis activity of thymic extracts from SN patients.
Involvement of chemokines in hyperplastic thymuses
Thymic hyperplasia observed in MH patients is characterized by the presence of numerous GCs (6) and a striking feature of the thymic transcriptome of these patients is the overexpression of CCL21 compared with adults and other MG subgroups. A previous analysis comparing exclusively patients with thymic hyperplasia to non-MG adults also underlines the CCL21 up-regulation (35) . CCL21 and CCL19 act similarly through the same receptor, CCR7, but no up-regulation of CCL19 is observed. In the normal thymus, CCL21 and CCL19 play an important role in lymphopoiesis. They are secreted by medullary TECs and favor the migration of CD4 ϩ and CD8 ϩ single-positive thymocytes toward the medullary zone (24) . However, these two chemokines are better known for their role in immunopoiesis. They are involved in the homing of Ag-primed dendritic cells and T lymphocytes to secondary lymphoid organs and, consequently, in the initiation of the GC formation (22) . Indeed, plt mice devoid of CCL19 and CCL21 expression and CCR7-deficient mice exhibit defective GC formation with a default in the migration of lymphocytes and dendritic cells into T cell zones (36) . Moreover, a model of transgenic mice expressing CCL21 from the thyroglobulin promoter demonstrates that the overexpression of this chemokine induces GC formation in the thyroid (37) . Consequently, the specific up-regulation of CCL21 in the thymus of MH patients could be involved in ectopic GC formation. It is noteworthy that we previously demonstrated the significantly increased expression of IFN-inducible genes in the thymus of MH patients (16) . The increased expression of inflammatory cytokines, such as IFN-␥, could contribute to the initiation of the autoimmune anti-AChR response. Moreover, the simultaneous overexpression of CCL21 and IFNs could amplify thymic hyperplasia, as IFNs has been shown to enhances the effects of CCL21 (38, 39) .
Cooperation between CCL21 and CXCL13 seems indispensable to orchestrate GC formation in secondary lymphoid organs during immune responses (22) . Moreover, their overexpression is observed in autoimmune diseases characterized by ectopic GC development (40, 41) . We thus assume that the specific overexpression of CCL21 in hyperplastic thymuses, together with the CXCL13 up-regulation observed in all MG subgroups, could be responsible for ectopic GC formation in the thymus of MG patients. It is now important to determine the thymic cells responsible for the abnormal expression of these chemokines and the signals triggering their overproduction. We already observed that CXCL13 and CCL21 overexpression were not directly due to the presence of GCs and we even showed that CXCL13, but not CCL21, was overexpressed by TECs of MG patients (R. Le Panse, J. Bismuth, and S. Berrih-Aknin, manuscript in preparation) (42) .
Peculiar gene expression signatures for the thymus of SN patients
SN MG patients are not well-characterized. This study shows that their thymus is characterized by a down-regulation of genes involved in synaptic transmission and an up-regulation of genes involved in muscle development and in the antiviral response. The dysregulation of these genes could be due to changes concerning particular cell populations but also to modifications in the ability of medullary TECs to express tissue-specific Ags. The autoantigenic target(s) involved in SN patients are not yet known. Consequently, genes dysregulated specifically in the thymus of SN patients, and known to play a role in the neuromuscular conduction, could correspond to potential autoantigenic targets. It is now well-established that neurotransmitters are expressed by thymocytes and thymic stromal cells and modulate various immune responses (43) . Neurotransmitter receptors are known to be involved in autoimmune diseases leading to neurological disorders, such as MG (44) . Therefore, we can thus wonder whether the neurotransmitter receptors (GABA-A, glutamate, and dopamine receptors) down-regulated in SN patients could represent antigenic targets in this category of MG patients. Drugs acting at the GABA-A receptor complex are known to have muscle-relaxant properties, but it is not clear whether this effect is due to a central or peripheral action (45) . Consequently, we can hypothesize that autoantibodies targeting these receptors at the muscle endplate might lead to MG symptoms. However, further investigations are necessary to determine whether a link exists between the down-regulation of these particular neurotransmitter receptors and an unknown autoantigenic target in SN patients.
The muscle development genes up-regulated correspond to myofibrillar proteins. We are not able to clearly explain the up-regulation of these genes in SN patient thymuses. Since the 1960s, studies have demonstrated the presence of Abs against structural proteins of muscle such as tropomyosin, myosin, and actin in the sera of MG patients (46 -48) . The inflammatory state of MG thymuses suggested above, together with the degradation of cells expressing these Ags, such as myoid cells, could trigger their antigenic presentation. However, because these Ags are intracytoplasmic, their direct relevance in autoimmune mechanisms is not clear.
The antiviral signature detected in the thymus of SN patients was characterized by the overexpression of ISG12, DAP12, and SON protein. Thanks to diverse microarray studies, ISG12 overexpression has been observed in various pathological conditions. The exact function of ISG12 is not known, but it could possess a neuroprotective role against viral infections (49) . Moreover, an IGS12 overexpression was also observed in autoimmune diseases such as Sjogren's syndrome and systemic lupus erythematosus (26, 27) . DAP12 is involved in immune functions and, especially, in NK cell-mediated resistance to an infection (50) . Moreover, DAP12
Ϫ/Ϫ mice are resistant to induced experimental autoimmune encephalomyelitis (51) . Concerning, the SON protein, this host gene represses hepatitis B virus activity (52) and it is worth noting that MG has been punctually related to infection with hepatitis C or B virus.
The antiviral signature characteristic of SN patients could be related to the etiology of this MG subgroup. Indeed, viral infections have been associated with the development of several autoimmune diseases (53) . However, because the symptoms related to the autoimmune disease generally occur well after infections, it is difficult to link these two events. Nevertheless, molecular mimicry suggests that autoimmune diseases can directly be caused by a cross-reaction of an Ab against a microbial Ag that closely resembles a self-Ag. In that way, some MG patients possess Abs to the AChR which share a cross-reactive epitope with the HSV, glycoprotein D (54) . Another mechanism of infection-induced autoimmunity, referred as the bystander effect, occurs secondary to the infection. The initial viral infection induces a localized inflammation of the target organ and triggers an autoantigen sensitization. In this case, an additional increased expression of cytokines during the viral response could trigger autoimmune diseases (53) .
In conclusion, these thymic transcriptome analyses of MG patients suggest many novel approaches to further understand the disease. For SP patients, we are currently investigating in detail the role of CCL21 and CXCL13 in thymic hyperplasia. Drug discovery programs are already in progress to block chemokine-receptor interactions in some autoimmune diseases. We intend to evaluate whether blocking CCL21 and/or CXCL13 could represent novel therapies to reverse thymic hyperplasia development in MG patients avoiding thymectomy and the use of nonspecific glucocorticoid treatments. For SN patients in whom the antigenic target is not yet defined, this study identified genes involved in the synaptic transmission that could potentially correspond to autoimmune targets. Moreover, our results put forward that viral infection might be a key event in the triggering of SN MG.
